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A limited exploratory investigation of the  rate of coking of four 
JP-4 fuels i n   e l e c t r i c a l l y  heated m e t a l  tubes w&8 conducted i n  order   to  
provide  design  information  for  fuel  prevaporizers  for  turbojet-engine 
c d u s t o r s .  The fuelstested. indudkd two production and two minimum- 
quality JP-4 type fuels. The heating tube was op-ated at fuel pressures 
fuel temperature was varied between approx ima te  60' and 1200~ F. 
of approximately 500, 400, and 50 pounds per s q w e  inch. The operating 
7" 
0 
V 
Two production Jp-4 fuels w e r e  heated over a period of approximately 
70 hours t o  fuel temperatures of about 1000° F at f u e l  pressures of ap- 
proximately 400 pounds per square inch  without  depositing  sufficient 
coke to increase appreciably the pressure drop across an 8.5-foot-long, 
3/8-inch-diameter tube. when two  minimum-q-ty Jp-4 fue ls  w e r e  tested 
at 50 pounds per square inch over a temperature range of 60O0 t o  1200° F, 
coke plugged the  tube after an operating period of 6 to 20 hours. These 
fuels w e r e  high i n  aromatic and gum contents. The investigation did not 
es tabl ish well-defined relat ions between the  rate of coke formation and 
any of the severa l  var iables  studied because of the poor reproducibility 
of data obtained and the  limited nmiber of tests conducted. 
Research a t  the  NACA Lewis laboratory has shown that the performance 
of aircraft jet-engine conibustors can be markedly improved at high- 
altitude conditions by using vaporized fuel i n  the conbustor (ref. 1). 
Coke formation may be expected t o  be the  most serious problem i n  the de- 
sign of heat exchangers f o r  prevaporizing liquid hydrocarbon fue ls  in 
these conbustors. 
The high temperatures t o  which fuels would be  subjected  in heat ex- 
position of j e t  f'uels. A t  sea-level pressures, fuel temperatures of the  
order of 50O0 F are required t o  obtain complete vaporization of a typical  
JP-4 type fuel.  The required temperature w i l l  increase as the desired fue l  
w changers i n  a vaporizing-type-combustor application alter the  chemical com- 
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pressure is increased. This increased temperature reguirement fo r  vapor- 
izing the fuel can result i n  cracking and, Subsequently, i n  pyrolysis of 
the fuel, which eventually leads to the formation of coke and tar. C o k e  
formation on the walls of  the heat exchanger and vaporizing tubes would 
be expected t o   r e s u l t   i n  a decrease in   the  heat- t ransfer  rate and i n  the  
flow 8x638, which would increase pressure drop through the heat exchanger. 
# 
The literature lacks quantitative information regarding the effects 
of teuperature, pressure, Rzel type, contact time, and construction mate- 
rials on the rate of coking for  the f u e l s  and temgeratures of in te res t .  
Since  this  nformation is necessary for the  design of prevaportzers, an 0 
exploratory program aimed toward providing some of this information was 
conducted at the M C A  Lewis laboratory. The influence of such factors  as 
temperature, pressure, residence t i m e ,  and f u e l  type on the  ra te  of 
pyrOlySi6 of two production and tm "mintmum-qualLty" JP-4 fuels  were in- 
vestigated in 3/8-inch-diameter e lec t r ica l ly  heated metal tubes.  Fuel 
temperatures varied from approximately 60O0 t o  12000 F. In le t  fue l  pres- 
sures of abou+500, 400, and 50 pounda per square inch were investigated. 
The residence time of the f u e l  i n  the heating tube was controlled by reg- 
ulat ing the fuel  flow and fue l  temperature. Much of the data wa8 obtalned 
with a n  average  residence time of 27 seconds. With thie  residence time, .I 
fue l   ve loc i t ies  were estfmated to  be less than 1 and about 53 f ee t  per 
second i n  the l i q u i d  and gaseous phases, respectively. 
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The limited coking data obtained with the fuels are presented in 
terms of the change i n  tube pressure drop a i t h  test duration. The in- 
fluence of f ie1 type on the  coking tendency of the fuels investigated is 
discussed. . .  . 
Laboratory analysis of t he   fue l s  used i n  the  investigation  are  pre- 
sented in table I. PTACA fue ls  53-39 and 52-288 were production Jp-4 
fuels, while 52-291 and 54-41were m i n i m   q u a l i t y  JP-4 fuels that did 
n o h e e t   t h e  maximum gum-content specification for MIL-F-5624C fuels. 
Thermal-stability test data wereobtained with kbree of  the  JT-4 
type f'uels i n  a "Fuel Coker" of the type described in reference 2. 
"Goodness ratings" for each fuel, and t he  test conditions used, a re  pre- 
sented  in  table 11. 
APP- AND m s T I o N  . 
A schematic diagram of the tes t  apparatus  is shown i n  figure 1. A 
low-pressure (20 lb/sq in.  gage) and a high-pressure (1000 lb/sq in.  gage) 
constant-speed pump connected i n  se r ies  were used t o  force the f'uel 
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through the heater section, a fuel cooler, an& f i n a l l y  through a separa- 
tor ,  where the  l iquid  port ion was passed Into a receiving  tank  and  the 
gaseous portion w a s  vented t o   t h e  atmosphere. The f u e l  w a s  not recycled. 
3 
0 
rl 
CD 
* 
. 
The fuel-flow rate w a s  adjusted and measured by  appropriate  thrott le 
valves  and a calibrated rotameter located in the flow c i rcu i t .  The Fuel 
pressure  in  the  heating  tube w a s  controlled by a valve located downstream 
of the heating tube. A f i l ter  element w a s  i n s t a l l ed  downstream of t he  
cooling section t o  prevent  particles of coke from clogging the fuel 
pressure-control valve. A mercury pressure switch controlling a r e l i e f  
valve and an "overtemperature" sensing device were used t o  protect  the 
system from excessive  pressures and temperatures. 
Fuel pressures at the  inlet and outlet  of the heating section w e r e  
measured with  static-pressure  taps  connected  to  strain-gage pickuKe. 
Fuel  inlet  and outlet temperatures were measured with iron-constantan and 
chromel-alumel thermocouple probes, respectively, connected t o  automatic 
balancing  potentiometers. 
The heating tube WEIS either Inconel tubing of 3/8-inch diameter with 
0.065-inch w a l l  or  type 347 stainless-steel  tubing of  3/8-inch diameter 
with 0.064-inch w a l l .  The length of the heating section was  + f ee t .  
Copper mounting p la tes  were fastened. t o  the  heating  tube at both ends for 
t he  e l ec t r i ca l  connections. The portion of the tube between these mount- 
ing plates  w a s  insulated w i t h  f ive  layers  of asbestos tape. Alternating 
current was  passed through the tube, which then f'unctioned as a resist- 
ance heater. 
I 
Temperature gradients along t he  tube were determined by using t he  
instrumented tube shown in  figure 2. This arrangement permitted the 
measurement of tube-wall and fuel temperatures at various stations along 
the tube. The tube shown i n  figure 1 was of the  same construction as 
tha t  shown i n  figure 2 without the thermocouples in  position. 
Electr ic  power w a s  supplied to the  heating  tube from an autotrans- 
former. Current through the heating tube was controlled by varying tap 
position on the transformer, thus varying the voltage supply to the tube. 
An ammeter w a s  provided in the   heat ing  tube  e lectr ic  circuit f o r  measur- 
ing the current f low.  
The heating tube w a s  operated at pressures of approximately 500, 
400 and 50 ounds per square inch gage and temperatures of approximately 
600 t o  1200 F. Pr ior  to  the  coking tests the heating tube was C a l i -  
b ra ted   to  determine the transformer settings required  to   a t ta in  selected 
(3 g 
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outlet fuel temperatures. Calibrations w e r e  obtained at v a r l m s  f'uel- 
flow rates and pressures using the  inetrumented tube shown in   f igure 2. 
Fuel and tube-wall temperatures at var ious  stations along the tube were 
also measured for each f u e l  at each test  condition. 
" 
During each coking run, fuel-flow rate and pressure were maintained 
constant at the selected transformer setting. Test data were recorded 
at half-hour intervals. The runs, which were interrupted at the close 
of each working day and started agsln the following morning, were con- 
cluded by either the  tube  plugging with carbon or the ac.cumulation of -a 
long test  period w i t h  no Indication of  plugging. Pressure-drop increase 9 
across the  heating tube was t h e  cr i ter ion for  judging the formation of 
coke. Rapid increases i n  pressure-drop vaJ-ues indicated tube plugging, 
and a t  this t i m e  the  test w a s  concluded. After the conclusion of a test, 
t h e  heating tube wa8 cut into seventeen 6-inch lengths to examine the 
condition of the  inner surface and to   locate  areas of plugging. 
rp 
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Residence time of the fuel in  the  heating  tube was determined by 
assuming tha t  the fuel existed as l iquid over one-half the length of the 
heating tube and 88 a vapor over the  remaining half. T h i s  approximation 
was made since, although fuel temperatures along the  length of the tube 
were known, the change i n  phase of the various conp?onents.of the fuel - 
could not be readily.determined. The density o f  the =quid fue l  at the 
in l e t  temperature was determined by using  density data presented i n  ref- 
erence 3. Compressfbility-factor data from reference 4 were used to &- 
termine gas densities at t h e  tube outlet. The velocity of the l iqu id  
through the tube varied from 0.29 t o  1.32 feet per second for a variation 
i n  fuel flow from 17 to 77 pounds per hour, respectively; the velocity of 
the vapor at a temperature and pressure of approximately 900° F and 400 
pounds per  square inch, respectively, varied from 3.5 t o  E. I f ee t  per 
second for t h i s  var ia t ion  in   fuel  flow. 
. .  
. .  
Discoloration of the minimum-quality f ie1 54-41 was observed in the 
f'uel rotameter during the test wi th  t h i s  fuel.  It w a s  necessary t o  clean 
and recalibrate the rotameter frequently with t h i s  f'uel, because of con- 
taminates which deposited on the w a l l  of the rotameter tube. 
RESULTS AMD DISCUSSION 
Tube-wall and fie1 temperatures measured along the length of  t h e  
heating tube for the various fuels at the varioua t e a t  conditions are 
presented i n  table 111 and i n  figure 3. A t  the low-pressure test condi- 
tion temperature differences between t h e  tube wall and the l iquid  are 
re la t ively large ne= the  inlet of the  tuhe w h e r e  nonboiling, forced con- 
vection occurs. As nucleate boiling begins t h e  temperature differences 
become somewhat less because of the increased rate of convective heat 
transfer induced by the  agitation of the vapor bubbles that are formed. 
* 
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N e a r  the end of the  tube the Fuel enters a film-boil-  region and tem- 
of  the vapor film. The curves obtained a t  t h e  low-pressure condition 
(figs. 3(a) and (b) 1 are similar i n  shape t o  the curves reported in ref-  
erence 5 for  boi l ing water. The curve6 obtained. at high pressures (figs. 
3 ( c )  and ( a ) )  w e  not consistant in shape w i t h  the curves obtained at . 
low pressure. This inconsistency may be attr ibuted, at l ea s t  i n  pa r t ,  
t o  the variation i n  the heat-transfer process in the tube aa the   fue l  
pressure is increased. Data presented in reference 6 suggest that the 
heat-transfer  process  tends  to pass f r o m  nonboiling forced convection 
direct ly   into film boiling as fuel pressure is increased  to a value near 
500 pounds per square inch absolute. 
d perature  differences  tend t o  increase  because of the  thermal  resfstance 
The data obtained i n  the fuel coking tests are presented. i n   t d l e  
IV. Data are presented in I-hour increments f o r  tests that  did not ex- 
ceed. 14 houra. For tests that exceeded 14 hours, but w e r e  less  than 21 
hours, data are presented i n  2-hour increments. For t e s t s  that exceeded 
21 hours, data are preeented in 3-hour increments. The i n i t i a l  t e s t s  were 
heater-outlet fuel temperature of about 800' t o  900° F. The change i n  
pressure drop across the heating tube with test duration is plot ted in 
lb/sq in. gage), w h i l e  fuel 52-288 was tested  at 50 and 400 pounds per 
square inch gage. Although some increase in pressure drop due t o  coke 
formation occurred during the  tests w i t h  these fuels, no plugging OCCUT- 
red. NACA fue l  52-288 was tes ted for  70 hours at an outlet  fie1 temper- 
ature of  800° F, and 40 hours at an outlet temperature of 1000° F. Fuel 
residence time in the heating tube varied from 4 to 25 seconds. Ekamlna- 
t i on  of t he  heating  tube at  the completion of the t e s t s  indicated slight 
traces of  deposit on the inner w a l l s  starting a;eproximately % f e e t  f r o m  
the upstream end and dispersing e r ra t i ca l ly  over the  remining  length.  
. conducted w i t h  production Jp-4 fuels (NACA fuels 53-39 and 52-288) at a 
- figure 4. NACA fuel 53-39 was tested only at high  pressures (400 and 500 
1 
The results  obtained w i t h  the minfmum-quality fuels 52-291 and 54-41 
at a pressure of 50 pounds per square inch gage and a fuel residence time 
of approximately 27 seconds are presented in figure 5. With fuel 52-291 
and an out le t  fuel temperature of 1025O F a rapid rise in  pressure drop 
occurred mer &out 20 hours of run t i m e ,  anti the tube w a s  completely 
plugged d t e r  28 hours ( f ig .  5(a)). Tests with minimum-quality fuel 54- 
41 were conducted at temperatures frm 650° t o  =6O0 F i n  an effor t  t o  
define a temperature-against-time relation for coke formation. The re- 
su l t s  (fig. 5(b))  indicate no consistent relation between cokfng time 
and fuel temperature at the  residence t i m e  and pressure conditions tested. 
In  the Inconel tube plugging time decreased when the fuel temperature was 
increased from 650' t o  890° F; however, a further increase i n  temperature 
t o  1060° F increased the  time for plugging by 3 hours. This apparent I 
- reversal  may be due, at l ea s t   i n   pa r t ,  t o  the irreproducibil i ty of the  
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data. Included i n  iiguire 5(b) are results obtained i n  two  run^ i n  
stainless-steel tubes at very similar temperatures, 1140° and U 6 O o  F. 
The time required  for t h e  tube  to plug v a r i e d  by 3 hours. 
Coking tests.were conducted Fn lnconel and stainless-steel tubes. 
However, because of the poor reproducibility exhibited by the data, and 
because of the limited number of tes t s ,  no conclusion could be obtained 
concerning the effect of tube materials on coking. 
Information presented in reference 7 suggests tbat coke formation 
tb 
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in   turbojet  combustors may be  expected to  increase as the  aromatic and 0 
gum contents of the  fuel increase above the allowable military speciflca- 
t ion limit. Comparison of t h e  data obtained i n  figures 4 and 5 w i t h  the  
analytical  data presented i n  table. I indicates -that % h e  fuels with  high 
aromatic and ~LIIU contents plugged the heating tube, while the fuels lar 
i n  these properties did not plug the tube at the conditione tested. 
. . - 
The C.F.R. Fuel Coker i s  a laboratory apparatus belng studied for 
possible we  €n.predicting the thennal s t ab i l i t y  of je t  fuels. In the  
C.F.R. coking unit  fuel  is heated (ref .  2 )  i n  an annular passage formed 
by a tubular  electrical  immersion heater centrally located i n  an approx- 
imately 3/8-inch-diameter tube, 122 inches long. The hot f'uel is then 
passed through an electrically heated, sintered, stainless-steel f i l ter  
located downstream of the heat exchanger. Insoluble sediment tha t  i s  
formed during the heating operation deposits on the f i l ter .  The time 
required to attain a given pressure drop (25 in.  Hg) acrose the f i l t e r  
within s 300-minute t i m e  period then is related t o  a fue l  "goodness nun- 
ber." Fuels with high goodness ra t ing are more stable, thermally, than 
f'uels with .low goodness rating. Comparison of t h e  data presented i n  
figures 4 and 5 and the goodness ratings i n  t d l e  I1 indtcates that the 
fuels with the  lowest goodness ra t ing  in  the Fuel Coker had the fastest 
plugging t i m e  i n  the heating tube. 
1 
The heating tubes were examined at the com$letion of the test run0 
with  the minimum-quality fue ls   to   loca te  the regions i n  the tube where 
plugging occurred. The regions plugged i n   t e s t a  w i t h  fuel 54-41 are in- 
dicated  in  f igure 6 on a plot of fue l  and tube-wall. temperature against 
distance along t h i s  tube. The regions of cok ing  with fuel 52-291 were 
very similaz. The data suggest that, w i t h  fuel 54-41, plugging occurred 
at fuel temperatures above 600° F. Th i s  temperature might be expected 
t o  vary with Fuel pressure, since pressure influences thermal cracklng. 
The i n i t i a l  aad the end boiling points on the d l ~ t i l l a t i o n  curve for  this 
fuel, corrected (ref. 8) fo r  an operating bressure of 50 pounds per square 
inch, are approximately 410° and.900° F, respectively. The coking regions 
indicated in  f igure  6, i n  general, occur above the 30-percent-evaporation 
point on the  A.S.T.M. d i s t i l l a t i on  curve. 
- 
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CONCLUDING REMARKE 
In order to  obtain  design  information  for  heat e ~ ~ h a n g e r s  i n  
vaporizing-type conibustor applications, the influence of various factors 
on coke formation i n   e l e c t r i c a l l y  heated m e t a l  tubes w a s  investigated 
w i t h  four JP-4 f u e l s .  The r e su l t s  show that f u e l  prevaporization with 
f u e l  tempersturea of the order of loo00 F borders on serious coke 
formation. For tests where operations were successful at fuel tempera- 
tures of the order of 1000° F, pressures of about 400 pounds per square 
inch were maiutained. The tests were not sufficiently extensjve, however, 
to indicate the nature of the pressure requirements. With two JP-4 fue ls  
high in aromatic and gum contents, a suf f ic ien t  amount of coke w8s formed 
i n  a 3/8-inch-diameter tube to plug it completely after 6 to 20 hours of 
operation at a fuel pressure of 50 pounds per square  inch and temperature 
which varied between 600’ and 1200° F. In the test apparatus used t he  
reproducibil i ty of t he  data W&B too poor and the m&er of t e a t s  conducted 
w a s  too limited t o  eetabllsh def ini te   mlatfons 8~.~0ng the several vsria- 
bles investigated. 
* 
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A.S.T.M. dis t i l l a t ion ,  D86-46, OF 
Initial boiling  point 
Percent evaporsted 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 
Final  boil ing  point 
Residue, percent 
Loss, percent 
Freezing point, 9 
Accelerated gum, mg/100 m l  
Mr-jet residue, mg/100 u 
Aromatics, percent by volume 
A.S.T.M. D875-46T 
Si l ica   ge l  
Gravity, "API 
Specific gravity, ~oO/E-OO F 
Bromine m e r  
Reid vapor pressure, lb/eq in. 
Hydrogen-carbon ra t io  
Net heat of conlxwtion, Btu/lb 
Anilfne point, OF 
9 
63-39 
142 
19 5 
218 
239 
,258 
269 
285 
300 
319 
339 
37 3 
415 
464 
1.4 
0.6 "- "- "- 
9.7 
54.2 
0.762 
2.7 
0.172 
18,700 
131.7 
"- 
-"" 
52-288 
144 
198 
243 
287 
308 
322 
334 
347 
361 
379 
4ll 
4 37 
487 
1.0 
1.0 
2.6 
0.7 
10.0 
10.8 
50.4 
0.778 
2.0 
0.167 
18,675 
138.9 
- " 
""- 
52-291 
151 
211 
256 
313 
347 
369 
394 
413 
439 
459 
482 
518 
570 
"I "- 
-60 
27.5 
11.7 
28.5 
32.3 
39.7 
0.826 
3.5 
2.0 
0.148 
18,400 
108.1 
1 
5441 
146 
198 
235 
278 
312 
339 
359 
393 
434 
477 
521 
57 2 
1.2 
0.8 
e-76 
75 
27 
26.5 
31.0 
39 .O 
0.825 
7.0 
2.3 
0.159 
18,300 
-" 
""" 
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TABI;E 11. - ERDCO THERMAL BTABILDY "EST RFSULTS 
[Ref. 2.1 
Test Conditions 52-291 52-288 
Preheatel: temperature, OF 
Time t o  obtain pressure d r a p  
153  153 Fuel pressure, lb/sq i n .  
30 30 Residence t i m e ,  sec 
3.34 3.13 Fuel flow, lb/hr 
500 500 F i l t e r  temperature, OF 
400 400 
of 25 in. Hg, min 51 47 
"Fuel goodness ratings" 95 88 
&Estimated. 
54-41 
400 
500 
3.32 
30 
a20 
38 
Ip 
0 
G 
iNACA Fuel 
Fuel flow, lb /hr  
~ Inletrfuel  pressure, 
lb/sq in. gage 
 inlet fuel temperature, OF 
Outlet Fuel temperature, OF 
390 424 
54 64 
1010 994 
Test series 
C 
10 10 10 10 
54-41 54-41 54-41  52-291 
F E D 
50 50 50 50 
68 
1140 825 1040 1027 
90 90 90 
I Thermocouple positiona 1 Temperature, 9 
1- 
1587 1105 1410  1382 1301 1285 9 
1373 9 s  1235  1172 1x5 1x10 8 
1495 890 1285 1300 1244 1230 7 
1247 710 990 1068 1058 1040 6 
1287  625 973 1072 LO70 1060 5 
883 515 625 768 852 830 4 
640 500 587 622 785 780 3 
433 300 365 456 458 460 2 
440 327  5 453  452  420
Bsee fig. 2. 
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'TABLE IV. - COKING OF JP-4 FUELS'IN ELECTRICALLY HEATED METAL TUBES 
Tea 
rle 
sm- 
Aesark8 
NACA f u e l  53-39 - 
0 
1 
2 
3 
4 
5 
6 
7 
0 
1 
2 
3 
4 
5 
8 
7 
- 
U C A  h 1 52-2! 
1 - 4  
1.4 
1.7 
1 . 4  
4.4 
4 . 5  
5.0 
5.9 
7.1 
9.1 
l3.0 
9.8 
14.7 
40.0 
16.0 
- 
2 .o 
2.0  
2.0 
3-4 
3.4 
3.8  
825 
4.7  
Is.6 
4 -5 
55.0 - 
11 .q. -5
13.0 
19 -0 
17.0 
22.5 
22.3 
35.0 
11.5 
11.5 
11.5 
11.5 
11.5 
11.7 
12.3 
13.8 
14.4 
28 .a 
35 
14.0 
14.5 
14.4 
14.8 
14 -8 
16.0 
18 -0 
23-7 
s s . 5  
35 
- 
- 
- 
2.7 
2.7 
3 3  
2.7  
2.7 
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odd-numbered couples are bare-vlre c w p h a  welded to surface cd' tube. Even-numbered couples are 
shielded coyples gositrloned In center of tube. 
Figure 2. - Cross section of heater tube used for recording temperature gradients. 
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2 residence time, 28 seconds; 
50 pounds per square inch; 
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t e s t  series D. 
Distance along tube, I% 
(c) NACA fuel 53-30; prerisue, ('a) U C A  fuel 52-288; pressure, 
390 pounds per. square inch; 424  pound^ per square inch; 
residence time, 4 seconds; residence time, 15 seconds; 
t e s t  series A. t e s t  series B. 
Figure 3. - Temperature s w e y  along heating tube for fouzJP-4 
type fuels. Fuel outlet  temperature, apprcui~~~tely l00oO F. 
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Figure 4. - Pressure-drqp variation w i t h  time in  e l ec t r i ca l ly  
heated metal tube for  two production JF-4 f u e l s .  
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(a) NACA fcel 52-291; r e a i k c e  time, 27 seconds; temperature, 1025O F; 
teat aeries 7.  
Test period, hr 
(b) NACA fuel 54-41; Fesldende time, approximately 27 seconds. 
F’igure 5 .  - Preseure-drop Variation with ttme l a  e1ectl;lcally heated 
metal tube f o r  two minimwn-qualAty Jp-4 fuels. Inlet fuel pres- 
sure, 50  pound^ per 8qUai.e inch gage. 
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(b) Fuel temperature, U4O0 3'; (c) Fuel temgerature, 1040~ F; 
test  series F. t e s t  series D. 
Figure 6. - Coking regLon i n  electrically heated tubes operating with 
midnwn quality JP-4 fuel ( W A  54-41}. Pressure, 50 pounds p a  
square inch gage; residence time, approxfmately 27 seconds. 
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